ABSTRACT-We study the spontaneous nucleation and growth of sodium chloride crystals induced by controlled evaporation in confined geometries (microcapillaries) spanning several orders of magnitude in volume. In all experiments, the nucleation happens reproducibly at a very high supersaturation S~1.6 and is independent of the size, shape and surface properties of the microcapillary. We show from classical nucleation theory that this is expected: S~1.6 corresponds to the point where nucleation first becomes observable on experimental time scales.
formation of Hopper crystals in the entrapped liquid pockets in the porous network and consequently underline the fact that sodium chloride can easily reach high supersaturations, in spite of what is commonly assumed for this salt.
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Sodium chloride is the most abundant salt on earth, and its crystallization is very important in many applications. Degradation and desertification of soils due to sodium chloride is a major physiological threat to ecosystems (1) (2) (3) . Moreover, its crystallization in confined conditions is known to be not only one of the major causes of physical weathering and disintegration of rocks, stones and building materials (4-10) but also constitutes a problem for oil well productivity and CO 2 storage due to increased impermeability of deep soil layers and rocks (11, 12) . On the other hand sea salt aerosols are one of the most abundant primary inorganic aerosols and their kinetics of deliquescence/crystallization provide important insights to the alteration of the particle aerodynamic properties and their cloud-droplet nucleation efficiency (13) . For most if not all of the above mentioned applications, the precise conditions under which NaCl crystals nucleate and growth from solution are very important but largely unknown.
3
Although recent simulations give us some more insight into the atomistic pathways of the nucleation of NaCl crystals (14, 15) , the current consensus appears to be that no high supersaturations can be reached for this salt, and that the pore size has a profound influence on the concentration at which the nucleation is first observed (4, (16) (17) (18) (19) (20) , in spite of the fact that typical pore sizes are orders of magnitude larger than the size of a critical nucleus.
Here, we report experiments on the primary nucleation and growth of sodium chloride crystals by controlled evaporation for different degrees of confinement in microcapillaries in which the salt solution is trapped by capillary forces. We use confined geometries consisting of glass microcapillaries of different sizes (from 20 to 2000 m) with different surface chemistries: hydrophobic (silanised) and hydrophilic (cleaned) (21) . The geometry of the microcapillaries is also changed; besides cylindrical we also use rectangular shapes since in real porous media liquid can be trapped within corners of the porous network (21) (22) (23) (24) . We study situations with slow evaporation (and consequently no large salt concentration gradients) by choosing the initial concentration in such a way that the surface tension and the contact angle of the salt solution was high enough to avoid the formation of wetting films.. 5
From more than 100 experiments, a limit of supersolubility, of S~1.6 ± 0.2 is found. This is very high compared to the limit of metastability reported in the literature for sodium chloride in cooling experiments, S=1.01 (25, 26) . To assess a possible effect of impurities on the concentration for which nucleation is first observed, recrystallization experiments were conducted by performing repeated cycles of complete deliquescence (dissolution by water vapour) of the salt crystals followed by drying, a procedure that is known to efficiently expel impurities (6, 27) . These results show again that the concentration reached at the onset of nucleation and crystal growth is not affected to within the experimental uncertainty (Fig 1(a) ).
One difference between evaporation and cooling experiments is that, when the ion transport in the liquid phase is slower than the evaporation rate, there may be concentration gradients in the salt solution. This leads to a higher concentration of ions close to the meniscus, where the evaporation takes place. To see whether our supersaturation is well defined in terms of the NaCl concentration, we determine the Peclet number (Pe), which is a measure of the heterogeneity of the ion distribution. Pe is defined as the ratio between the convective and the diffusive transport of ions in the solution and can be calculated from the (time-dependent) NaCl diffusion coefficient and the characteristic time of the displacement of the meniscus (22):
which in turn are given by t diff ≈ z 0 2 /D NaCl (t) and t s ≈ z 0 /(dz/dt) with z 0 the initial meniscus position, z the position at time t, and D NaCl (t) the diffusion coefficient at time t, which depends on the concentration and viscosity of the solution (28).
We find that, Pe is of the order of unity at first, but reaches values on the order of 10 -2 to 10 -3 at the onset of nucleation. The latter underlines a homogeneous distribution of ions in the solution and is mainly due to the fact that the evaporation slows down, as shown in Fig. 3 . The necessary time to reach the concentration at which the spontaneous nucleation and growth is observed depends on the relative humidity and varies over more than an order of magnitude.
However, it is interesting to note that, independently of the time necessary to reach it , the crystallization is only observed when the supersaturation of 1.6 is achieved. As a consequence, for humidities higher than 61%, corresponding to the equilibrium water vapor concentration above a solution close to our limit of supersolubility (S~1.6), the evaporation rate goes to zero as soon as   (see e.g. the black symbols in Figure 3 ) Here, in spite of the fact that the solution is supersaturated, nucleation is not observed because the supersaturation 1.6 is not reached. The metastable supersaturated solution can remain for days without any spontaneous crystallization until a perturbation is introduced to the system (i.e. rapid decrease of the temperature or water vapour concentration in the air) triggers the nucleation. This series of experiments independently provides another value for the onset of nucleation: S = 1.60 ± 0.07 (Fig. 1b) , in agreement with the findings above.
Since the nucleation appears to be homogeneous, Classical nucleation theory (CNT) can be used to predict the rate of crystal nucleation for sodium chloride as a function of the supersaturation. According to CNT, the rate of nucleation per unit volume can be calculated as the product of an exponential factor and a kinetic prefactor (32,33):
In the exponential factor, G * is the free energy cost of creating a critical nucleus and kT the thermal energy. The total Gibbs free-energy cost to form a spherical crystallite has a bulk and a surface term and can be expressed as:
With s is the number density of solid,  the difference in chemical potential of the solid and liquid and is the interfacial tension of the NaCl crystal with the solution ( lc  0.08 N.m -1 (32, 34) ). Here, the difference in chemical potential of the solid and liquid, can be written in terms of the mean ionic activity of the solute a± (25) , as :
where m and m 0 are the molalities at crystallisation and equilibrium (mol.kg -1 ) and ±is the corresponding mean ionic activity coefficient and is the sum of ions (2 for NaCl)
The energy of the critical nucleaus G * is then:
The kinetic prefactor , which relates the efficiency with which collisions between supernatant ions and the crystal interface produce crystal growth is determined from =jZ, where  is the number density of molecules in the liquid phase, Z the Zelodovic factor : with n* the excess number of molecules in the critical nucleus and j the rate at which molecules attach to the nucleus causing its growth. j is approximated as with D the diffusion constant of the molecules and R c * the radius of the critical nucleus (33) .
The rate of nucleation J (m -3 s -1 ) is plotted as a function of the supersaturation in Figure 4 . It follows that, below S~1.6 the nucleation rate is extremely small and conversely, very large above it. At S~1.6 the rate of the nucleation of sodium chloride is found to be 0.004 m -3 s -1 , which roughly corresponds to one nucleus in a typical volume considered here within our experimental time window (typically 5000 s). Moreover, the variation of the experimental parameters here (volume V, relative humidity etc.) do not significantly change the value of S~1.6 for which the nucleation becomes observable. Simply said, the nucleation rate depends so steeply on the supersaturation that all other parameters are irrelevant, in excellent agreement with all our observations. Another very interesting observation is that at the onset of crystallization a single nucleus is observed to be growing very rapidly and with a peculiar shape: a Hopper (skeletal) crystal ( Figure 5 ). The growth of a single crystal is likely to be an effect of the confinement: in a small size system, the growth of the critical nucleus will lead to a very rapid decrease of the local supersaturation and consequently favors the formation of only a single crystal (35) . The growth of the Hopper crystals in these experiments happens at a speed that can be up to ten times that of the growth of a regular cubic crystal under the same conditions (6) . The rapid growth of the Hopper crystal is due to the high supersaturations for which secondary nucleation may occur at the corners of the growing primary nuclei, due to the disparity of growth rates between the 10 crystal edges and the crystal faces (36, 37) . In our experiment, this shows up as the rapid formation of a chain-like structure of crystals that are all interconnected ( Figure 5 ). As the capillaries are often used as a model system for crystallization in pores, it is likely that such fast growth dynamics may provoke damage in porous materials; Indeed, the crystallization pressure that is responsible for the damage is known to depend strongly on the supersaturations reached (38) , the speed of growth (40) and the size of the crystal (39).
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The morphology of the Hopper crystals is observed to change during the growth process, due to the decrease of the ion concentration in the solution accompanying the formation of the crystals. At the late stages of growth large regular cubic crystals start to form from the extremities of the Hopper crystal (figure 5e).
To see whether our conclusions from the capillaries also apply to real porous media, we compare the crystal morphologies in microcapillaries at the late stages of drying with the NaCl crystals formed in experiments on porous sandstone (Prague sandstone with average pore diameter d~30m and porosity ~29% (5) Comparison between Nacl crystals formed in capillaries after reaching t our limit of supersolubility S1.6 (a-c) and those obtained in the sandstone (d-f).
In sum, we have demonstrated by controlled evaporation experiments of sodium chloride solutions, that the supersaturation achieved at the onset of spontaneous primary nucleation and growth is around 1.6 and remains independent of the size, shape and surface properties of the microcapillary. These results are consistent with expectations from classical nucleation theory.
The supersolubility limit obtained here clearly shows that, contrary to what is commonly assumed for this salt (4, 16, 17, 19, 41) , high concentrations can be reached before spontaneous crystal growth. This in turn leads to the formation of a Hopper crystal, which we also detected in analogous experiments conducted on real sandstone. Our findings therefore have far-reaching 13 implications for the widespread consequences of salt crystallization (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 42) , since the salt weathering of rocks, stones and monuments is related to the crystallization pressure which is directly dictated by the supersaturation and the importance of which is expected to increase in the future due to global climate change (43) .
